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SUGARY 

A sumnary is given of the present model of beam formation in high 
pressure sanpling and of the effects associated vith the process. Results 
of stable product analyses in CH4-02-Ar flames and of a study of the dissoci- 
ation of dg in CO-02-Ar flames are presented. Both studies showed success- 

ful quenching from 1-atn. flames. 



I.  lUTRODUCnON 

Although the experimental work during the last quarter has consisted 
mainly of actual terapereture measurements and saqpling of flames, the picture 
of the saiqtllng process has been somewhat clarified. We have, therefore, taken 
the opportunity in this quarterly to sumnariee briefly our model of the high 
pressure sampling process and to correct certain observations made in previous 
quarterly reports. TVo papers, which have been written for neetings and sub- 
sequent publication, give details of this picture. These are available as pre- 
prints. The results obtained in sanpling flames for stable products and free 
radicals are also described, as are our future plans. 

II. THE HIGH PRESSURE SAMPLIIC PROCESS 

Our sanpling system, which has been described in detail elsewhere,.^' 
consists of three differentially punped stages between the sanpling orifice and 
the ion source of a Bendix time-of-flight mass spectrometer. One inprovement, 
currently being routinely used, consists of a vibrator-pulsed beam and detection 
system operated at 10 cps. This permits us to detect beam signals when the 
"random gas-to-beam" ratio is greater than 100. Table I sunnarizes the putps, 
dimensions, and pressures for typical operation of the sanpler. With this sys- 
tem, molecular beams with intensities of the order of 1 x 1017 molecules/cr^/sec 
are obtained at 10 cm. from the sampling orifice. 

The process of bear, formation from high pressures has received con- 
siderable attention recently from aerodynanicists and others interested in 
obtaining very intense molecular beams.lz§/ It is generally accepted that the 
gas expands through the first orifice in continuum flow to form a supersonic 
Jet. The second orifice is situated somewhere in this supersonic streer, end 
beam behavior can therefore be considerably altered by the relative positions 
of the two orifices and by the presence of shocks, both in the Jet structure 
itself and at the second orifice. Oir  recent studies^/ indicate that under the 
usual conditions enployed in our sampling system, the expansion behind the first 
orifice goes over into molecular flow well before the second orifice is reached, 
thus minimizing aerodynamic interactions with this orifice. 
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TABLE I 

BEAM SYSTEM GECMETRY AND OPERATING COWDITIOBS PURIHC SAMPUWG 
OF ONE ATMOEPHERE FLAMES 

Stage Pumps 

1 1,500 l/aec oil dif- 
fusion pump 

2 100 l/sec oil dif- 
fusion pump 

3 10 JL/sec Hg diffusion 
pump 

4 mass spec, ion source 
400 Z/sec Hg dif- 
fusion pump 

Distance     Typical 
Beam Travels  Pressures 

(em.)       (Torr) 

0.05-1.0 

5.0 

23.0 

2-5 

Tnlet Orifice or Slit 

2-10 x 10"^    0.12 um.  diam.  hole in 
90* case 

2 x 10'^        0.25 mn.  diam.  hole in 
6C*  cone 

3 x 10"6        0.50 x 9 wm- slit 

1 x 10 i"
6        0.75 x 12 ma.  slit 
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The following simple picture is suggested as a first approximation to describe 
the saiqpling history of the gas. The gas along the center line, which ulti- 
mately forms the molecular beam entering the mass spectrometer, expands isen- 
tropically to quite large Mach numbers before going over into molecular flew. 
Calculations bv Owen and ThornhilliS/ for gas of specific heat ratio, V » l.U , 
and by ShermanW for several v's, relate the jet Mach number to the distance 
from the orifice in orifice diameters. For a given V , the results are inde- 
pendent of source pressure and temperature, stage one pressure, molecular 
weight, and orifice diameter. Mach number determinations with small nozzles or 
orifices have verified the calculations up to Mach numbers of 10 to 12, where 
apparent departures begin to occur, depending on pressure level.i/ 

The expressions for beam intensity in an aerodynamic molecular bean, 
which were given originally by Kantrowitz and GreyiS/ end modified by Parker 
et al.—/ and which we referred to in our previous work,!/ appeer not to be 
applicable in our situation. When molecular flow exists at the second orifice, 
the Parker model of uniform parallel flow across the skiinaer at Mach M and a 
sudden transition to molecular flow beyond the skimner is clearly inappropriate. 
In fact, it is expected that the beam intensity under such conditions would be 
independent of skinner area (provided llne-of-sight from source to detector is 
not restricted by the skimner) and dependent on first orifice area, instead of 
the reverse as is shown by eq. (1) in Ref. 2. 

For the fall-off in density alon« the axis of the "free Jet", the 
expansion of interest in sampling, ShermanlV gives high Mach number limiting 
expressions as follows: 

"' source   (i/r)2 

Where A is a constant that depends on the effective V of the gas being 
sanpled and equals 0.632 for a ■  of s/sii/ and 0.350 for a v of 7/5; I 
is the distance fron the sampling orifice and r is the radius of the sanpling 
orifice. This limiting behavior is being used to develop a more realistic ex- 
pression for beam intensity in supersonic beams when the transition to colll- 
sionless flow occurs well ahead of the skimer. Since the Mach number is a 
known function of distance for the continuum part of the bean formation process 
and since the standard equations for isentropic expension in flowing systems 
apply, we can obtain the T , P , density, collision frequency, or any property 
of interest for the gas during this part of the ejqjansion. If at some point 
we assume a transition to molecular flow, where no further changes in the 
states of the molecules can occur, then we can make predictions as to what cay 
happen during sampling. 



Two major effects have been characterized in such a beam formation 
or sarqpling process, apart from the various parametric effects of system di- 
mensions, scattering, etc. The effects are mass separation and polymer for- 
mation, and both can be explained nicely in terms of the above picture. Mass 
separation has been treated in our earlier work and refers to the phenomenon 
in which the conqxjsition of a gas mixture, going through the second orifice and 
finally ending up In the supersonic molecular beam, is usually depleted in the 
lighter components. Fennii/ has recently attributed many of the observed separa- 
tion effects to shock waves. We have found that the separation effect varies 
as the first power of the molecular weight, and is consistent with other evi- 
dence that shocks are not significant under our sanpling conditions. It there- 
fore appears that the sinqple molecular flow model of Waterman and Stern,iÜ/ 
which predicts a first power of molecular weight dependence in the beam, 
applies to our results. 

For san^ling studies, we have verified the relation between observed 

Ix* » kjjP^M.W.^ 

ion intensity in the mass spectrometer and species partial pressure and 
molecular weight (to within 130 per cent) for a variety of species, concentra- 
tions, solvents and tenqperatures at 1 atm.S/ The effect decreases with pres- 
sure, but is still appreciable at several Torr. The lnq?ortance of this rela- 
tionship in quantitative san^ling is clear. 

The second effect, the occurrence of polymers in beans from high 
pressure sources, has also been reported by us in some detail.i§/ As will be 
apparent from the quenching considerations below, as a gas expands fron high 
pressure, its teii5>erature drops so rapidly, relative to its pressure, that the 
gas may become supersaturated at some stage of expansion and a bonogeneous 
nucleatlon process will ensue. The nucleation or condensation process will be 
arrested by the continued expansion to molecular flow, and in practice a sur- 
prising array of polymers will often be observed in the mass spectrum of the 
supersonic molecular beam. The relative extent of polymer forsation observed 
in various gases can be qualitatively explained by considering the variation 
with Y in expansion rate and cooling, and by initial departures from 
saturation. 

In some cases the polymers make up an appreciable fraction of the 
total. Thus, for H2O or DgO saturated argon at rccm temperature, the ratio 
of monomer ion to dimer ion is only about k. Pure argon initially at 5 atn. 
and room temperature gives a few per cent Ar2+. 

- 5 - 
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In identifying specie» in flakes, such polymerization may occurfor 

more strongly bound clusters than the primarily van der Waal's ****** 
in Table II. Thus, with condensible species the occurrence of dimers or 

higher polymers may be an artifact of the expansion process 1*^ **™* ™- 
scribed  TMs process may also account for some of the ions^f ^lymers ob- 
served in direct sampling of ions from high pressure flames 1—' 

Accepting the simple picture of sampling and beam *»^~**. 
presented, one can look at the history of the gas as it «^^^^ 
flow. For a thin circular orifice with sonic conditions existing uniformly 
ac^ss the effective diameter of the orifice (about 0.8 of the ««***■■*") 
and assuming that the flame gases behave in expansion as a gas of constant v , 
"caTcal^late T , P and stream velocity as e function of distance using 

the Owen and Thornhill relation between Mach number and "ff** »V-*"?! 
part of Table II summarizes the results for gases of Y = 1-4 (di^c !nDle- 
cules with no relaxation of vibration and no heat effects due ^ ^fting 
chemical equilibria) expanding from 1 atm. and 2500'K through a 0.12 no. 

diameter orifice. 

The time scale of the expansion is seen to be extremely short with 
very rapid temperature and pressure drop. Reactions with reasonably large 
activation energies would be expected to be rapidly qu.nched. ^ an e«^le 
the reaction CO + OH —> C02 * H , known to control the conversion of CO to 
Z   trh^ocarbon f lames^ould be effectively quenched ^ **?**** 
very near its value prior to sampling. The reaction H > HsO —* Hj. + OH , 
Sh somewhat faster, would still appear to be quenched readily. .Radial 
re^bination reactions and condensation reactions will be «.ch slower ini- 
tially but heing third-body reactions, they will be accelerated by deceasing 
the tLeratSe, and will be quenched essentially by running out of collisions. 
Se po^r^tioned above, h^ever, are proof that such reactions car. occur 

to an appreciable extent in some cases. 

The above considerations of the expansion from the scnic condition 
at the throat of the sealing orifice to Secular flow lead ^ optinisr. that 
most specks can be successfully quenched fron l-atm. flames. TMs part of 
the sSung process seems to be the one most usually considered n discussing 
JuenSg. Actually, however, the gases, in going from their undisturbed flow 
in Son? of the orifice to the sonic condition at the throat, ***£»** 

subStial cooling and pressure drop ^^J^J^**^ Zs 
««-1 interaction of *^*£^?^J^^]^S 
a tvnical burnt gas composition at 250Ü R. wiix oe tuu^cu 
^litialTressure s^ly in expanding to sonic flow. Therefore, tnis part 

of the expansion must also be considered. 



TABLE II 

AXIAL BCBUBICg HISTCgY OF A GAS DURIHG PCRHftTICTI OF A 
SUPEBSOHIC MOI£CULAR BEAM 

(Initial conditions:    1 atm., 2500*^  Y ■ 1.4, 
0.0125 cm.  orifice diameter, and 

molecular weight 26) 

Distance in« 
Orifice Diameters 

from Throat 
of arifice 

Mach 
No. 

0 

Temp. 

CK) 

2500 

P 
(atm.) 

1.0 

Stream 
Velocity 

(cm/sec x 10"  ) 

Time from 
Orifice 
Throat 
(usec.) 

-2.0 

-1.75 0.125 2495 0.99 0.12 -0.66 

-1.5 0.25 2470 0.96 0.253 -0.40 

-1.0 0.5 2380 0.84 0.497 -0.14 

-0.5 0.75 2245 0.59 0.725 -0.090 

0 1.0 2083 0.53 0.93 0 

+0.5 1.6 1650 0.24 1.33 +0.C67 

1.0 2.6 1074 0.050 1.73 0.114 

2.0 3.9 625 0.0075 1.97 0.19 

4.0 5.6 350 0.CO096 2.11 0.31 

6.0 6.8 245 0.00029 2.17 0.43 

8.0 7.8 190 0.00012 2.19 0.55 

10.0 8.8 152 0.000055 2.2C 

2.26 

0.66 
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An approximate idea of the nature of the expansion to sonic condi- 
tions can be obtained from the sinple point sink model by assuming incon^res- 
sible flow. At two orifice diameters fron the orifice, which is the closest 
to the orifice that this model seemed to be reliable, there is virtually no 
change in the gas properties. For the remaining distance, a linear change of 
the Mach number is assumed, since this appears to approximate the kinetlcally 
worst case. The results of these calculations are given in the first half of 
Table III. It can be seen that the entire expansion from the time that the 
tenperature and pressure first begin to change, is conplete in 1.5 to 2 (isec. 
This rate should be sufficiently rapid to satisfactorily quench most reactions. 

RESULTS 

TABI£   III 

OF STABLE PRODUCT SAMPLIHG IN TWO C^-Og-Ar FLAMES 

in Atm. 

AT_ 

Temp 
CK) 

OHE AlMCSFHERt 

CooiDüSltlon. 
Hg            HgO 

Partitl Pressiires 

CO ^ Ar CO, 
Flame 

A 
ICH^Og-SAr Meas.      2368      0.50        (16.4)*    1.81        1.95       (71.3)      9.23 
(avg.   of 6 runs) 

Calc.      2490      0.85 16.4        2.13 1.22 71.3 6.79 

C 
ICHi^Cfc-SAr Meas.      2371      0.44 (16.13)    1.33        5.55       (69.2)      9.08 
(avg.   of 3 runs) 

Calc.      2435      0.45 16.13      1.26        3.91        69.2 7.39 

Kec.   for CO ♦ ^Cg »COg      K^.  for Hg ♦ fOg »HgO 

Flffny Temp. Meas. Calc. Meas. Calc. 

A 2368 36.4 56.0 234 316 

C 2371 28.9 56.0 151 316 

♦   Values in parentheses are calculated. 

- 8 - 



III.  FUME SAMPLIKG RESULTS 

A. Stable Products 

Continuing our systematic study of the factors affecting the ability 
to representatively sandle 1-atm. metal-containing flames, we have studied 
the stable products in a number of CH^-Og-Ar flames. One such flame, a stoi- 
chiometric CH^-02-Ar flame burning at about 25880K, was reported in the last 
quarterly. We have obtained results on this and several other flames, includ- 
ing more detailed tenperature measurements, during the past quarter. 

Results for the two flames most thoroughly studied are shown in 
Table III. The agreement is felt to be satisfactory for both equilibria, the 
differences being as easily attributable to analytical calibrations as to fail- 
ure to quench. A number of cooler and leaner flames were also studied, the 
results of which are shown in Table IV. Column (l) gives the cocipositior. of 
the unburned gases, column (2), the measured temperatures, and columns (3) and 
(U), the measured and calculated equilibrium constants for the equilibrium 

CO + ^Og —► CQ2  * The re8ults are 5een to become progressively worse the 
cooler and leaner the flame (a single run on a CO-02-Ar flame is also shown). 
In these flames the CO concentration is obtained by correcting for the frag- 
mentation pattern of COg, as determined from a room tenperature calibration 
using a pure CO2 beam. This involves an appreciable correction when the CO 
concentration is small. 

The error in the experimental result is in the direction of too much 
apparent CO in almost every case. There are three possible reasons for this, 
each of which is being explored. First, there may be entrainraent of Ng in the 
inner flame in spite of quite extensive sheathing.  Second, there may be in- 
complete combustion of the CO even 1 cm. beyond the reaction zone. Third, and 
most intriguing, the cracking pattern for CO2 nay change substantially from 
room temperature to the 2000° - 2370oK in the flames shown in Table IV. Sup- 
port for this postulate is shown in the last column of Table IV, where the raw 
W»+/28+ data are shown for each flame. The ratio seems to approach a limiting 
value of 5 to 6, compared to a value of 11 for room temperature COg. 
Stevensonis/ has reported substantial changes in the cracking pattern of CHj^. 
and more complicated molecules over a much smaller temperature range. The 
molecular beam source should prove valuable in carrying out studies of frag- 
mentation patterns as a function of temperature. 

- 9 



Flame 

Cooler 
A 
A-l 

Leaner 
C 
D 
E 
G 

CO-1 

TABLE IV 

MEASURED CO-CO2 BQPILIBRIA IN FIAMES 

CO •>• ^02  » COg 

Conqpositlon   Ten5)erature      Eaa 
(CHj^tOgzAr) ("K) Experimental     Theoretical     hk*/26* 

1:2:8.0 2366 36.U 56.0 3.6 
1:2:8.7 2310 U6.0 80.0 U.O 

1:2:11.2 2173 U7.7 200.0 5.1» 

1:2.U:8 2371 28.9 56.0 k.k 
1:2.9:7.U 2352 25.0 64.0 5.0 
1:U.7:6.3 22U9 13.7 120.0 S.k 
1:8.6:0 2209 8.6 155.0 5.1 

fC0:0?:Arl 

1:0.5:2.5 178 J* 79.5 5,600 7.8 

Room Temperature - Pure COg 11.0 

In view of the reasonable agreement in those cases where the stable 
products are all present in reasonable quantities, it seemed most profitable, 
as far as quenching studies are concerned, to go on to systems containing 
reactive species. One of the simplest test systems is the CC-02-Ar flame 
with a small amount of CI2 added. Preliminary results on this system were 
reported earlier.■=' We have now obtained more reliable data using sheathed 
CO-Og-Ar flames. This flame was burned or. a sheathed burner made by corrugat- 
ing thin steel shim stock and rolling it into concentric cylinders. The flame 
and equilibrium presented certain problems. It was necessary to burn rather 
cool CO-Og-Ar flames, and these were hard to stabilize with no hydrogen added 
other than that in the tank gases being used (less than 0.1 per cent). Fur- 
thermore, the Clg inhibited the flames noticeably so that concentrations of 
1 per cent or less were used, causing only a slight bulging of the otherwise 
flat reaction zone. During Na line-reversal temperature measurements, in which 
Na was introduced by passing the Og and Ar over molten NaCl, no CI2 could be 
present since it suppressed the atomic Na concentration to unusable values. 
With the low Clg concentrations studied, however, temperature errors should be 
small. 

10 - 



Table V shows results of the Clg dissociation study in three stoi- 
chlonetari. c CO-02-Ar flames at different teuperatures.    The relative cross- 
sectlooJB   of CI2 to Ar have not yet been determined; the partial pressures of 
the chlor-±ne species were calculated relative to argon, using cross-sections 
eatluat^Bd.  as follows:   Ar:Cl:Cl2 ■= 1:1:2.      Mass separation and fragmentation 
corrections were also made.    The equilihrium constants obtained for the two 
hotter «"Lames agree with the literature values as well as can be expected con- 
siderlnc   -the probable error in the flame tenqseratures and cross-sections. 
Since tbe   above method of treating the observed ion intensities is what will 
have to   t>e done in studying conpletely unknown high tenperature species, the 
agreement    is encouraging. 

Several more attenpts have been made to detect the free radicals OH 
andO In Jfe^ and CO-Og flames, respectively, but so far without definitive 
results-       It would be surprising If we failed to quench 0 atoms, in view of 
our succ=e«s with Cl atoms, and a more detailed search is being undertaken. 

TABLE V 

CHLCRIHE EQUILIBRIUM IN A CO-C^-Ar FLAME 

Temp. p 

ÜK] ik % Wrlmental hi terature 

1784 4-8x10-* 3.2 x IQ"3 O.CSl 0.066 

2018 1-4x10-* 8.6 x lO"3 0.53 0.63 

2152 1.4x10-* l.lxlO-2 0.94 i.6o 

-  11 - 



IV. FUTORE WORK 

The study of quenching ability will continue using F, Cl,  and per- 
haps Br in the CO-02-Ar flames. Tests with the HC1 dissociation equilibria 
will also be made in H2-O2 flames. A concerted attenqpt to sandle the free 
radicals 0 and OH will be made this quarter. Studies of the H atom would be 
more difficult by an order of magnitude due to the substantial mass discrimina- 
tion effect with such a light species. Also this quarter we will pursue the 
quantitative sampling of condensible metal species in simple systems. A few 
tests will be run to resolve the question of the anomalous kk+/28*  results in 
the CO-COg equilibria. 

12 
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